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Abstract—The power electronic traction transformer (PETT)
consists of a single-phase cascaded H-bridge (CHB) converter and
several output-parallel DC/DC converters. In order to make the
PETT work steadily, it is needed to maintain its intermediate-dc-

voltage balance and output-current sharing between different cells.

In this paper, an overview of PETT balance control strategies is
presented at first. Their basic control principle, main control
structure and interrelation are investigated. Based on the control
tasks of CHB and DC/DC converters, the balance control
strategies can be classified into two categories. With the
comparison of them, the second balance-control category has
several advantages in the aspect of ac-input-current quality,
balance control effectiveness, computation resource occupation
and soft-starting performance, while it also brings several
disadvantages with regard to auxiliary-power-supply design and
balance-control regulation range. Finally, further research
towards the simulation and experiment based on a five-cell PETT
laboratory prototype with rated power of 30 kW is carried out.

I. INTRODUCTION

In order to improve the electricity conversion efficiency of
traction drive system, to lower the volume and weight of
propulsion converters, and to reduce the total operation cost of
high-speed trains, the concept towards power electronic traction
transformer (PETT) is developed, which is hoped to replace the
line-frequency traction transformer and the four-quadrant
rectifier in next generation high-speed trains [1-3]. What’s
more, with the development of SiC devices [4], nanocrystalline
material [5] and soft-switching technique [6], the power density
of PETT equipment can be improved even much higher. PETT
is a complicated system, which is made up of several converters
through connecting them in series or in parallel. According to
the functionality of these converters, PETT can be divided into
two parts, including the cascaded H-bridge (CHB) converter in
the front end and the output-parallel DC/DC converters in the
backward stage. In order to make sure the normal operation of
PETT system, it is needed to make the intermediate-dc-voltage
balance and output-current sharing among different cells
through control. Otherwise, due to the mismatch of the main
circuit parameters, the intermediate dc voltages and the output
currents in different cells may not be the same, and may even
diverge to bring the PETT system into collapse. According to
the roles of CHB and DC/DC converters in the balance control,
the control strategies can be classified into two categories [10]:
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1) The intermediate-dc-voltage balance and output-current
sharing (or intermediate-dc- current sharing) among different
PETT cells are realized by CHB converter and DC/DC
converters respectively [7-9].

2) The intermediate-dc-voltage balance and output-current
sharing among different PETT cells are all realized by DC/DC
converters, and none of balance control approaches are adopted
by CHB converter [10-11].

In order to obtain an optimal balance control scheme suitable
for the PETT, it is necessary to compare the above categories
of balance control strategies. In Section I, an overview of them
is presented, including the basic control principle, main control
structure and interrelation. Based on the corresponding
characteristics of these two categories of balance control
strategies, their advantages and disadvantages are analyzed
respectively in Section III. The simulation and experiment
results of these two categories of balance control strategies are
exhibited in Section IV. Synthesize the theoretical analysis and
the simulation and experiment results, the conclusion is given
in Section V.

II. OVERVIEW OF PETT CONTROL STRATEGIES

The circuit diagram of a PETT is shown in Fig. 1(a). The
PETT consists of N AC/DC converters and N DC/DC
converters. The input side of AC/DC converters is in series,
which constitute the CHB converters. The output side of
DC/DC converters is in parallel. A PETT cell is made up of an
AC/DC converter and a DC/DC converter. These two
converters are connected in dc side, which is defined as
intermediate dc side. The circuit diagram of Cell j is shown in
Fig. 1(b), where j = 1,2,---, N. In this paper, the dual active H-
bridge (DAB) DC/DC converter is taken as an instant in the
DC/DC conversion stage.
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Figure 1: The circuit diagram of (a) a PETT; and Cell j of a PETT.

In Fig. 1(a), Ly is ac input filter inductor, v, is the ac input
voltage, i, is the ac input current, v, is the dc output voltage, i,
is the dc output current. In Cell j, Cy; is the intermediate dc
capacitor, Cy; is the dc output capacitor, L, ; is the DAB storage
inductor, T;; is the medium/high frequency transformer, V¢ony;
is PWM voltage, i; is the dc output current of the H-bridge of
AC/DC converter, v4; is the intermediate dc voltage, i,; is the
input current of the input H-bridge of DC/DC converter, v,; is
the square voltage of the input H-bridge of DC/DC converter,
i1rj is the DAB inductor current, vy; is the square voltage of the
output H-bridge of DC/DC converter, i,; is the output current
of the output H-bridge of DC/DC converter, i;; is the dc output
current of DC/DC converter, S;; is the switch of AC/DC
converter, V;; is the switch of the input H-bridge of DC/DC
converter, and @;; is the switch of the output H-bridge of
DC/DC converter, where i = 1,2,3,4.

As defined in [10], the control system of a PETT is made up
of two parts, including the overall control and the balance
control. In the overall control, the sum of intermediate dc
voltages (¥, v4¢), the ac input current (iy), and the dc output
voltage (v, ) are regulated. In the balance control, voltage
balance and current sharing among different cells are
maintained. From the point of the whole PETT system, the
control strategies presented in the existing publication can be
classified into two categories below:

1) Two-stage overall control and two-stage balance control
(O2B2). In O2B2, the overall control is accomplished
collectively by the CHB and the DC/DC converters, while the
balance control is separated, where the intermediate-dc-voltage
(vqcj) balance is realized by the CHB, while the intermediate-
dc-current (i;;) or output-current (i;;) sharing is realized by
DC/DC converters [7-9].

2) Two-stage overall control and single-stage balance
control (02B1). In O2BI1, the overall control is still
accomplished collectively by the CHB and the DC/DC
converters. However, only the DC/DC converters participate in
the balance control, and all of the CHB modulating waves are
the same. The intermediate-dc-voltage ( vg.; ) balance is
maintained through the regulation of DC/DC converters, and
then the output-current (i;;) sharing is achieved automatically
[10-11].

A. Overview of O2B2

As known by the authors, in O2B2, there are two kinds of
voltage balance control strategies for the CHB. They are briefly
indicated as follows.

1) The voltage balance control based on the feedback closed-
loop regulation (FCR) [8]. The control structure of FCR is
shown in Fig. 2(a) with control structure modified. G, (s) is the
total intermediate-dc-voltage controller, G.;(s) is the ac-input-
current controller and G, (s) is the voltage balance controller.
V¢rrj the PWM modulated wave of Cell j. The drive signal of
S;j is generated by the modulation between v and its
corresponding carrier.

It should be noticed that, different with the control structure
presented in [8], in Fig. 2(a), the output control variable of
Gyp(S), Ycj, needs to be multiplied with the sign value of
igmres (the output control variable of G,(s)), which is

denoted as sign(igm’ref). That is
1

Vej = NUCOnv,TEf ) (1 +Yej Sign(igm'ref)) M
and
+1 [ >0
. . ) gm,ref
stgn(lgm,ref) = {_1’ lgmrer <0 @

The cause and the necessity of this modification will be
analyzed detailedly in Section III.

2) The voltage balance control based on the capacitor-
voltage ranking (CVR) [7]. The control structure of CVR is
shown in Fig. 2(b). The drive signal (vgs,Sij) of §;; is generated
directly from CVR. The most obvious characteristic of CVR is
that in every switching period, only one cell processes PWM,
and other cells are in positive-input status or negative-input
status or bypass status. When a cell is in positive-input status,
its PWM voltage V¢opyj is equal to +vg4.;; when a cell is in
negative-input status, its PWM voltage v¢opy; is equal to —vy;;
when a cell is in bypass status, its PWM voltage v;ony; is equal
to 0. CVR can be realized in several different ways. For
example, when (k — 1)Vuc < Veonprer < kVge (Ve is the
nominal value of intermediate dc voltage vy.;, and k =
1,2,---,N) and iy > 0, there can be (k — 1) cells in positive-
input status, (N — k) cells in bypass status and one rest cell in
PWM status; or there can be k cells in positive-input status, one
cell in negative-input status, (N — k — 2) cells in bypass status
and one rest cell in PWM status; the other kinds of realization
can be derived with similar principle. For the sake of analysis
and comparison, the first kind of realization is taken as an
instance in this paper.

As known by the authors, in O2B2, there are three kinds of
current sharing control strategies for the DAB converters. They
are briefly indicated as follows.

1) The output-current sharing control (OCS). Its control
structure is shown in Fig. 3(a). D.,(s) is DAB dc-output-
voltage controller while D;,(s) is the DAB output-current
sharing controller. d,; is the phase-shift control variable of the
j-th DAB converter. The average value of the DAB output

current i;; is
2 0.5Tsw_DAB
sw_DAB Jo

where Ty, pap is the DAB switching period. The variation
period of i};, i;j and i; is all equal to 0.5T,, pap-
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Figure 2: For O2B2, (a) the control structure diagram of FCR after modified; and (b) the control structure diagram of CVR.

2) The average-input-power balance control (AIPB) [8]. Its
control structure is shown in Fig. 3(b). Dp,(s) is the DAB
average-input-power balance controller. The average input
power P, pag is calculated by ij,; and v, ;. Suppose that there
is no switching loss for V;;, then

2 0.5Tsw_DAB
Pin_DAB = T J- lprj vpjdt
0

sw_DAB
2 0.5Tsw_DAB

T f I1j Vacjdt = vgcj -Avg(tlj) ©))
sw_DAB Yo

Therefore, in essence, AIPB is equivalent to the DAB input-
current (i;;) sharing control. Suppose that the efficiency of
DAB converters is 100%, then

vaej X Avg(iy;) = v, x Avg(iy;) (5)

From this perspective, OCS and AIPB are equivalent. What’s
more, according to the above equation, if the intermediate dc
voltages vg4c; are not the same, the DAB dc-input-current
sharing and the DAB dc-output-current sharing can’t be
achieved at the same time. This is why in O2B2, the balance

control should be separated and respectively taken by CHB and
DAB:s.

3) The current sensorless power balance control (CSPB) [9].
Its control structure is shown in Fig. 3(c). Dgp(s) is the DAB
balance controller. y; is the output variable of FCR controller

Gvb(s)a and
N
zycx =0 (6)
x=1

Through the control of Dy, (s), the output y,; of each FCR
controller will tend to be the same. From Fig. 2(a), it can be
seen that when y,; tends to be the same, the modulated wave
V¢rr; Will tend to be the same. Meanwhile, the intermediate-dc-
voltage (vg4c;) balance is achieved. Thus, from the point of
control mechanism, CSPB is similar to O2B1, in which the
DAB converters are all equivalent to an input-series-output-
parallel (ISOP) system and the balance control objectives of a
PETT are realized mainly through the DAB converters. The
difference between them is that the voltage balance control loop
of the CHB can’t be omitted in CSPB.
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Figure 3: For O2B2, (a) the control structure diagram of OCS; (b) the control structure diagram of AIPB; and (c) the control structure diagram of CSPB.
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B. Overview of O2B1
In O2B1, none of balance control approaches are adopted by
the CHB and all of the modulated waves v, are the same. The
intermediate-dc-voltage (v4;) balance is controlled by DC/DC
converters [10-11]. The control structure is shown in Fig. 4.
D,,(s) is the DAB voltage balance controller. As the
modulated waves v,.; from different cells are the same, the dc
input currents iy; = iy X Vgj from different cells are equal to
each other. Therefore, the input side of DAB converters is in
series equivalently. As
laj X Vacj = U1 X Vg ™)
It means that if the intermediate dc voltages v4.; can be kept
balance through control, the output-current (i;;) sharing will be
achieved automatically.
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Figure 4: The control structure diagram of O2B1, where the DC/DC
converters is the DABs.

III. COMPARISON OF DIFFERENT BALANCE CONTROL
STRATEGIES

In the following paper, O2B2 and O2B1 are compared in the
aspect of computation resource occupation, ac-input-current
quality, balance control effectiveness in no-load condition or
when power reversely flows, soft-starting performance,
auxiliary-power-supply design and regulation range of balance
control.

A. Advantages of O2B1

1) Low computation resource occupation. As the balance
control is not needed for the CHB in O2B1, the control
algorithm is substantially simplified, which can significantly
reduce the resource occupation of digital chips, especially when
the cell number is large. What’s more, in some control
strategies of O2B2, such as OCS and AIPB, the high-frequency
sampling and filtering for current signals are needed, which will
occupy more computation resource of digital chips. However,
on the contrary, similar operation is not needed in O2B1.

2) Better ac-input-current quality. For O2B1, as all of the
modulated waves v.,; are the same, it won’t deteriorate the
quality of ac input current i;. However, for O2B2, v,,; may be
different as the intermediate-dc-voltage balance is achieved by
the CHB. Only when CSPB is adopted by DC/DC converters,
V¢trj can be equal to each other in steady state so that the ac
input current i; won’t suffer any bad effect.

3) Balance control effectiveness in no-load or light-load
condition. For O2B2, there is a serious problem that in no-load
or light-load condition, FCR and CVR may lose their control
effect, which will lead to the mismatch of v, ;. The core control
principle of CVR is that based on the dc voltage value (vq;) in
different cells and the flowing direction of ac input current iy,
the low-voltage capacitors are charged and the high-voltage
capacitors are discharged through controlling the IGBT devices.
However, in no-load or light-load condition, the flowing
direction of ac input current iy may be misjudged by the PETT
digital control system. In order to avoid aliasing and suppress
the influence of power devices’ switching operation on the
sampling process, the sampling point is chosen as the middle
place of the switching ripple of i . It can be seen from Fig. 5(a),
in no-load or light-load condition, the sign of i, and its discrete
sampling value i p;sc is not always the same. In such situation,
CVR may lose its effect, as shown in Fig. 5(b). For FCR, the
core control principle is that on the basis of iy; = iy * Vsrrj, if
the dc voltage (vgc;) in some cell is lower than others, through
increasing the amplitude of v, the dc-side current i; will
become large, and finally the dc voltage v4.; will increase.
However, when the CHB is in no-load or light-load condition,
ig = 0,and then iz; = 0 * v j = 0, which will make FCR lose
its control effect, as shown in Fig. 5(c). Although similar
phenomenon has been reported in [7] [11], the mechanism is
regarded as large output-power unbalance in those papers. It is
another kind of control-invalidation mechanism, which is
different from the one indicated above. It can’t be used to
explain the invalidation of FCR in no-load condition.

What’s more, it should be noticed that compared to FCR, the
influence of the invalidation of CVR on the deviation of
intermediate dc voltages is quite small. Therefore, it can be
considered to use such control scheme: when the CHB is in no-
load or light-load condition, CVR is adopted; and when the
CHB is in heavy-load condition, FCR is adopted. It will bring
extra benefit that the efficiency of the CHB in no-load or light-
load condition is quite high. Because, for CVR, in every
switching period, there is only one cell to process PWM. The
simulation result related to this control scheme will be given in
Section IV.

However, in any case, such balance-control-invalidation
problem doesn’t exist in O2B1.

4) Balance control effectiveness when power reversely flows.
There is a serious problem for the traditional FCR: when power
reversely flows, FCR will lose its control effect and make the
intermediate dc voltages diverge. However, such problem is
rarely mentioned in the existing publication. Here, the
invalidation mechanism is introduced. When power forward

1824



flows, the positive direction of the currents is shown in Fig. 1(b);
and when power reversely flows, the direction of the currents is
reverse. Then

. . dvgc;
by =g = ngTc, ®)
and
idj = ig *VUctrj (9)

According to the control logic shown in Fig. 2(a), when
power reversely flows and vy.; is smaller than the average
value (Z Vae j) /N, the output control variable of G,,(s), y;,
will increase, following with the amplitude increasing of v
and iy;. However, as a result, the capacitor current of Cy; will
be reduced and then the voltage v,.; will be deceased.
Therefore, as the time going on, the voltage deviation will be
enlarged and finally the dc voltages will diverge, as shown in
Fig. 6(a).

In order to settle down this problem, a modification towards
the FCR control structure is presented in Section II, as shown
in Fig. 2(a). After modified, FCR is effective when power
reversely flows, and the simulation waveforms is shown in Fig.
6(b).

However, in any case, such balance-control-invalidation
problem doesn’t exist in O2B1 or CVR.

5) Soft-starting performance. For O2B2, the CHB starts at
first, and later, after the intermediate dc voltages reach their
rated values, the DC/DC converters start. When DC/DC
converters start, in order to pre-charge their dc output capacitors,
the duty ratio of the input H-bridge (Vy;, V3, V3 and V)
increases slowly from 0 to 0.5, and the output H-bridge (@4},
Q2j, @3 and Q,4;) operates as an diode rectifier. After the dc
output voltage v, increases to a certain value, the DC/DC
converters will change to the closed-loop control mode from
open-loop control mode. During this control-mode change,
there are two serious problem.

Firstly, if no soft changing method (for example, it can adjust
the drive pulses, or repeatedly change the control parameters on
line, or increase the reference with a slow slope) is adopted, the
large peak value of inductor currents i;,; [12] or dc output
voltages v4.; can’t be avoided; on the contrary, if some soft
changing methods are adopted, in one hand, the duration of
control-mode change may become very long, which will
seriously influence the PETT starting speed, in another hand, as
the robustness of the soft-changing parameters is not strong, it
has to adjust the parameters according to the practical
application.

Secondly, for the PETT using star-connected distributed
control structure [13], all of the DC/DC converters can’t change
their control mode at the same time after pre-charging dc output
capacitors, which will make the inductor current i;,; in some
cells become very large.

However, similar problem doesn’t exist in O2B1.

B. Disadvantages of O2B1

1) Auxiliary-power-supply design. 1If O2B1 is adopted,
DC/DC converters must start at first, and then the CHB works
as a diode rectifier to pre-charge the intermediate dc capacitors

and the dc output capacitors [10]. It means that the PETT
control system and the IGBT drivers of DC/DC converters must
operate normally before PETT starts. It restricts the application
of self-powered auxiliary power supply [14], in which the
power for each cell comes from the local intermediate-dc
capacitor.

2) Regulation range of balance control. For O2BI, the
voltage balance and current sharing is accomplished all by the
DC/DC converters. However, the regulation range of DC/DC
converters is finite (that is to said, the phase-shift variation for
DAB or the frequency variation for LLC resonant converter is
finite). When the mismatch of the main circuit parameters is
large, or some IGBT devices fail, it may beyond the regulation
range of DC/DC converters, which will lead the intermediate dc
voltages v4.; and output currents i;; into divergence. Different
from O2B1, for O2B2, the voltage balance and current sharing
is accomplished by the CHB and the DC/DC converters. If it
doesn’t beyond the regulation range of the CHB, even when
DC/DC converters lose their balance control effect, the
intermediate-dc-voltage balance can be realized. Meanwhile,
the convergent mismatch exists in the output currents i;;.

IV. SIMULATION AND EXPERIMENT RESULTS

Based on the five-cell PETT laboratory prototype with rated
power of 30 kW, the simulation and experiment results are
given below.

A. Simulation Results

In the simulation, the intermediate dc capacitance in Cell 1 ~
Cell 5 is set as 6.46 mF, 6.46 mF, 6.8 mF, 7.14 mF and 7.14 mF
respectively, while the DAB inductance in Cell 1 ~ Cell 5 is set
as 1.62 mH, 1.62 mH, 1.8 mH, 1.98 mH and 1.98 mH
respectively.

In the first group of simulation, in order to avoid the
influence of DC/DC converters on the performance of CHB
balance control, the simulation model is only included the CHB.
The CHB operates in no-load condition and two different kinds
of balance control strategies, including CVR and FCR, are
adopted. When CVR is applied, the simulation waveforms of
the ac input current iy and its discrete sampled value iy 5, are
shown in Fig. 5(a), while the simulation waveforms of the
intermediate dc voltages vg.; (j = 1,2,-+,5) are shown in Fig.
5(b). It can be seen in Fig. 5(a), the sign of i, is not always the
same as the one of iy ¢,, which may make the PETT control
system misjudge, and result in charging high-voltage capacitors
and discharging low-voltage capacitors. Therefore, as exhibited
in Fig. 5(b), v4; is not identically equal to the rated value of
350 V, but oscillates from 347 V to 353 V. When FCR is
applied, the simulation waveforms of the intermediate dc
voltages v ; are shown in Fig. 5(c). It can be seen that v4; is
divergent, which means that FCR is completely invalid.

In order to compare the control performance of traditional
FCR and modified FCR when power reversely flows, the
related simulation waveforms are given in Fig. 6. The
waveforms shown in Fig. 6(a) is based on the traditional FCR
proposed in [8], while the waveforms shown in Fig. 6(b) is
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based on the modified FCR proposed in this paper. In the  wvg; diverge; however, if the modified FCR is adopted, the
simulation, when Time = 0.5s, the no-load condition is  balance control effectiveness won’t suffer influence of the
suddenly changed to full-power energy-feedback condition.  power flowing direction.

From Fig. 6, it can be seen that, when power reversely flows,

FCR loses its control effect and the intermediate dc voltages
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Figure 5: The simulation waveforms when the CHB operates in no-load condition, (a) with adopting CVR, the ac input current i; and its discrete sampled value
ig.sa; (b) with adopting CVR, the intermediate dc voltages v4c; (j = 1,2,-++,5); (c) with adopting FCR, the intermediate dc voltages v4c; (j = 1,2,+,5).
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Figure 6: The simulation waveforms when power reversely flows, (a) with adopting traditional FCR, the intermediate dc voltages vq4.; (j = 1,2,--+,5) (Top), the
ac input voltage v, and the ac input current i, (Bottom); (b) with adopting modified FCR, the intermediate dc voltages vgc; (j = 1,2,+,5) (Top), the ac input
voltage v, and the ac input current i, (Bottom).

In the second simulation group, CVR is adopted by the CHB,  with the price of increasing harmonic distortion of ac input
while OCS and interleaving technique [15] are adopted by the  current.
DABs. All of the DABs change to the closed-loop control mode
from the open-loop control mode at the same time. The
simulation waveforms of the intermediate dc voltages v, the

380 T T T T T T T

e oo

- =

340

— Vdel — Vdc2
output dc voltage v, and DAB inductor currents i;,.; when the 300 — Va3 — Vidcd
DABs start are shown in Fig. 7. It can be seen that when the Vies = Vo

Viel ~ Vaes and v, [V]

control mode changes, there is large peak value in some cells’
inductor currents. It may result in large voltage drop in v ; and 50

even damage the IGBT devices at worst. =<

In the three simulation group, OCS and interleaving = 0 [ ‘
technique are still adopted by the DABs, while CVR is adopted L 50 M — g g0
by the CHB in no-load or light-load condition and FCR is S-loo e s
adopted by the CHB in heavy-load condition. The simulation 031 032 033 034 035 036 037 038 039
waveforms are shown in Fig.8. In the simulation, when Time = Time [s]

0.6 s, the input power Pin ofthe CHB is Suddenly Changed from Figl:ll‘e 7 CVR is adopted by the. CHB, and OCS is adopted by the DABs. The
3 kW t0 9 kW. and durine the sudden load chanee. the voltage simulation waveforms of the intermediate dc voltages v,;, the output dc
balance Contro’l strategy if switched from CVR ti };CR g voltage v, (Top) and DAB inductor currents i;,; (Bottom) when DABs start.

. . b hat wh . lied. th Compared to the scheme proposed in [16] to improve the
From Fig. 8, it can be seen at.w en CVR 18 apphied, t ¢ efficiency in light-load condition by using diode rectifiers and
switching number of the IGBT devices in a switching period is

. 1L which is beneficial 4 h tchine 1 active bypass switches, the CVR-FCR switchover scheme can
quite small, which 1s beneficial to reduce the switching loss only improve the efficiency of the CHB in light-load
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condition, but also reduce the THD value of i; and improve
the controllability and reliability of the PETT system.
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Figure 8: CVR-FCR switchover scheme is adopted. The simulation
waveforms of the intermediate dc voltages v,4.; (Top), the ac input current i
(Middle) and the PWM voltage v, (Bottom).

B. Experiment Results
In the experiment, O2B1 is adopted. The experiment
waveforms of the intermediate dc voltages v, the output dc

voltage v,, the ac input voltage v, and the ac input current i,
when the PETT starts in no-load condition are shown in Fig. 9.

o
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Figure 9: O2B1 is adopted. The experiment waveforms when PETT starts in
no-load condition. (a) The intermediate dc voltage of Cell 2 ~ Cell 5,
Vacz ~ Vgcs; and (b) the intermediate dc voltage of Cell 1, v4.4, the dc output
voltage v,, the ac input voltage v, and the ac input current i;.

@S0V @ ® sV Time Scale: 20 ms/div

It can be seen that the intermediate-dc-voltage balance is
maintained in all the PETT starting process. In no-load
condition, i; =~ 0. However, there is no influence on the control
performance of O2B1, and voltage balance is still achieved in
no-load condition. When the ac input power is24 kW, the
experiment waveforms of the intermediate dc voltage of Cell 1
(Vgc1), the output de voltage v,, the ac input voltage v, and the
ac input current i, are shown in Fig. 10(a), and the experiment
waveforms of the DAB inductor currents of Cell 1 ~ Cell 4
(iLr1 ~ i1rq) are shown in Fig. 10(b). The ac input current i, is
in phase with the ac input voltage v, and free of low-order
harmonics. With the use of interleaving technique, the phase
different exists in different DAB inductor currents, which can
reduce the switching ripple of the dc output voltage v,,.
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Figure 10: O2Bl1 is adopted. The experiment wave Figure 10: O2Bl1 is

adopted. The experiment waveforms when the ac input power is 24 kW. (a)
The intermediate dc voltage of Cell 1, v,.4, the dc output voltage v,, the ac
input voltage v, and the ac input current iy; and (b) the DAB inductor currents
of Cell 1 ~ Cell 4, ijq ~ ipry-

@ 100A @ @ 1004 Time Scale: 400 ps/div

V. CONCLUSION

In this paper, the basic control principle, main control
structure and interrelation of the balance control strategies for
the PETT are investigated. The existing PETT control strategies
can be classified into two categories, which are named as O2B2
and O2BI1. With the comparison of them, O2B1 has several
advantages in term of the ac-input-current quality, balance
control effectiveness, computation resource occupation and
soft-starting performance, and has several disadvantages in the
aspect of auxiliary-power-supply design and balance-control
regulation range. Simulation and experiment results based on a
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five-cell PETT laboratory prototype are provided and all verify
the effectiveness and correctness of the theoretical analysis. In
a word, due to the much simpler structure, much stronger
robustness of control parameters and much higher operation
reliability, O2B1 is much more suitable for the PETT
application.
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